what is known already: Low birthweight is associated with increased morbidity and mortality in both the short and long term; therefore it is important to understand determinants of fetal growth. There is a known intergenerational association between parents' and offspring's size at birth. study design, size, duration: This is a register-based cohort study with a nested within-twin-pair comparison. The study is retrospective, but based on prospectively collected information. The study population included 8685 monozygotic and like-sexed dizygotic female twins born in Sweden from 1926 to 1985, who had given birth to their first infant between 1973 and 2009. participants/materials, setting, methods: This study is set in Sweden and used data from the Swedish Twin Register and the Swedish Medical Birth Register. We used generalized estimating equations to obtain regression coefficients with 95% confidence intervals (CI) for the outcomes: offspring birthweight and birth length. To control for genetic and shared environmental factors, we performed within-twin-pair analyses in 1479 dizygotic and 1526 monozygotic twin pairs.
Introduction
Growth restricted and low birthweight infants are of special concern as they have increased risks of perinatal morbidity and mortality. Furthermore, they also face increased risks of cardiovascular disease during their adult life, which has given rise to the fetal origins of adult disease hypothesis (Barker, 2004) . This hypothesis implies that conditions during fetal development can alter tissue structure and organ function making the individual more susceptible for later disease development.
Birthweight is influenced by environmental factors, including the mother's parity, gestational weight gain, socioeconomic factors and smoking habits (Kramer, 1987) . However, genetic factors are of substantial importance for the variability in birthweight (Magnus et al., 1984; Clausson et al., 2000; Lunde et al., 2007) . Birthweight and birth length is known to predict adult size (Sorensen et al., 1999; Pietilainen et al., 2001; Eide et al., 2005) and the size at birth is also associated with both parents' adult weight and height (Cawley et al., 1954; Pietilainen et al., 2001) . Several studies have shown an intergenerational influence on birthweight and birth length, that is, an association between parent's and offspring's size at birth (Hackman et al., 1983; Little, 1987; Emanuel et al., 1992a; Magnus et al., 1993) . This association could be explained by shared genetic factors, shared environmental factors and possibly also by fetal programming (Drake and Walker, 2004) .
Studies of offspring to twins provide possibilities to resolve mechanisms behind the intergenerational influences of size at birth. As twin siblings have identical gestational age, differences in birth size within twin pairs reflect differences in fetal growth. Twin siblings are generally brought up together and dizygotic and monozygotic twins share on average 50 and 100% of their genes by descent, respectively. Thus, twin studies will allow us to study intergenerational influence of fetal growth with control for shared environmental factors in childhood and adolescence, with a varying degree of control for genetic factors.
The Swedish Twin Register includes information about zygosity and information on birth characteristics from original birth records. The Swedish Medical Birth Register includes information on all births in Sweden from 1973 and onwards. We linked these registries to investigate whether there is an influence of mother's birth size on offspring's birthweight or birth length, after common genetic and shared environmental factors have been taken into account.
Methods
In the Swedish Twin Register, we identified 43 397 female twins born in Sweden from 1926 to 1985. Within this group of twins, we identified 26 811 monozygotic and like-sexed dizygotic female twins, who gave birth to a total of 40 409 infants between 1973 and 2009. Fetal growth is substantially influenced by parity and there were large differences in parity in the studied births ) by mother's year of birth . To facilitate comparisons, we selected first-born infants (n ¼ 11 456) and excluded stillbirths (n ¼ 48), multiple births (n ¼ 171) and infants with congenital malformations (n ¼ 518). Congenital malformations were identified through International Classification of Diseases (ICD) codes: 740 -759 for the years 1973 -1996 and Q00-Q99 for the years 1997 -2009. Thus, our final study sample consisted of 10 719 primiparous twin mothers and their first live births.
Prospectively collected data from national registers were linked through the unique personal identification number assigned to each Swedish citizen. Birth information for the twins was extracted from two different sources. For twins born between 1926 and 1972 data on birth characteristics, including birthweight and length, were retrieved to the Swedish Twin Register from original birth records stored in archives all over Sweden. For twins born between 1973 and1985 the equivalent information was obtained from the Medical Birth Register, which in turn is based on information from birth records. Zygosity status was determined from questions of childhood similarity: for twins born between 1926 and 1958, such information was retrieved by a postal questionnaire in 1973 or by a telephone interview between 1998 and 2002. For twins born between 1959 and 1985, similarity questions were obtained through a web-based questionnaire in 2005 (Lichtenstein et al., 2002 . This method of zygosity determination has been shown to be accurate in at least 95% of cases (Lichtenstein et al., 2002) .
To minimize potential misclassification of birth size, we restricted the cohort to twins whose birth order was known. For twins born between 1926 and 1958 this was ascertained if their names could be found in the medical record or if they, with agreement, answered questions on birth order in the telephone interview. For twins born between 1959 and 1972, correct birth order was ascertained using an algorithm based on information from the medical record (birthweight, name if this was given at birth and time of birth) in combination with information on birthweight and birth order from the questionnaires. For twins born after 1973, a slightly different algorithm was used, adapted from Johansson and Rasmussen (2001) . This algorithm was based on the information on birth order, birthweight and who had been the heavier infant from both medical records and questionnaires (both algorithms can be obtained from the authors at request). After these restrictions our cohort consisted of 9418 twin mothers with first-born offspring, of whom 8685 had full information about mothers' and offspring's birthweight and length. Within this cohort we had 3005 complete female twin pairs: 1479 pairs were dizygotic and 1526 were monozygotic.
The outcome of interest was offspring's birthweight and birth length. This information was obtained from the Medical Birth Register , which holds information 98% of all births in Sweden (Cnattingius et al., 1990 ). Offspring's birthweight was measured directly after birth to at least the nearest 10 g. Birth length was measured at the same occasion to the nearest centimeter (mother's birth size was measured in the same way as offspring's birth size). Both mother's and offspring's gestational length was estimated based on last menstrual period, or if available, ultrasound estimation. Routine ultrasound screening in the early second trimester was introduced in Sweden during the 1980's, and has, since 1990 been offered to all pregnant women (Hö gberg and Larsson, 1997). Offspring's birthweight for gestational age was also calculated, using the Swedish sexspecific growth curve for normal fetal growth as the reference (Marsal et al., 1996) . Twin pairs and their offspring's size at birth As potential confounders, we considered mother's education, mother's gestational age, offspring's birth year and offspring's gestational age. Information about mother's education comes from the yearly updated Education Register held by Statistics Sweden. We had data on education from several years : 2009, 2005, 2000, 1995 and 1990 . The most recent available information for each twin was used and classified as 9 or less, 10 -11, 12, 13 -15 and 15 years or more of completed formal education. Offspring's birth year was included as a way to capture calendar effects in birthweight and birth length (Odlind et al., 2003) . Mother's and offspring's gestational age was included as completed weeks of gestation and categorized as ≤31, 32 -34, 35-36, 37 -38, 39 -40 and 41 weeks or longer gestation. In additional analyses we also considered the mother's age at delivery (categorized in 5-year intervals), mother's birth year (categorized in 10-year intervals), mother's diabetes and mother's hypertension during pregnancy. Diabetes was defined using ICD codes 250, 648A, 648W for the years 1973 -1996 and E10-14, O24, for the years 1997 -2009. Hypertension during pregnancy was defined by ICD codes 400 -404, 637 in ICD-8, 401 -405, 642 in ICD-9 and I10 -15, O11-16 in ICD-10. Although offspring sex is related to offspring birthweight, it is not related to maternal birthweight, and was therefore not considered to be a confounder. Mother's adult weight and height were considered to be mediators rather than confounders, and were therefore not adjusted for. Maternal smoking is strongly related to intrauterine growth restriction (Cnattingius, 2004) and may be a confounder in the cohort analysis through intergenerational transmission of smoking habits, which might influence birthweights across generations. However, in the within-twin-pair analysis, this should not be the case as twins have the same mother. The Medical Birth Register holds data on maternal smoking since 1983. In the sub-analyses of births from 1983 and later, we also adjusted for maternal smoking.
Statistical analysis
In our twin cohort, we first investigated whether we could reproduce the previously found association between mother's and offspring's birthweight and birth length. In the cohort analysis, we used generalized estimating equations with an exchangeable correlation structure to account for clustering within-twin pairs (Liang and Zeger, 1986) . We present regression coefficients with 95% confidence intervals (CI) for the influence of a 500 g or 1 cm increase in mother's birthweight/birth length on offspring birthweight/birth length, respectively. We present both crude and adjusted estimates. Adjustments were made for mother's education, mother's gestational age, offspring's birth year and offspring's gestational age. These covariates were categorized according to Table I .
To investigate whether the association between mother's and offspring's birthweight is independent of common genetic or shared environmental factors, we performed within-pair analyses (Begg and Parides, 2003) using a linear mixed model with random intercept for each twin pair. The intergenerational association of birth size was decomposed into within-and between-family components by including both the twinpair mean of maternal birth size (between-family component), X i ,and the individual twin's deviation from the pair mean (within-family component), X ij − X i , in the model of the offspring's birth size, Y ij :
The regression coefficient for the individual twin's deviation in birth size from the twin pair mean (b) will thus provide an estimate of within-twin-pair effect, i.e. the intergenerational contribution to size at birth that is independent of all factors shared by the twin pair (such as early environment and a varying degree of genetic factors).The within-twin-pair effect estimates the expected change in the offspring Continued size at birth by a one unit change (500 g or 1 cm) in mother's size at birth from the twin-pair mean. We also fitted the corresponding model with adjustment for the fixed effect covariates; offspring's gestational age, offspring's year of birth and mother's education. We stratified these analyses on mother's zygosity to gain some insights about the potential contribution of genetic factors. Dizygotic twin pairs share on average 50% of their segregating genes and are as genetically similar as full siblings. Monozygotic twin pairs share 100% of their segregating genes, and hence constitute a way to adjust for genetic factors. If genetic factors alone would explain the intergenerational association in size at birth we would expect to still see an association (i.e. b = 0) within-dizygotic twin pairs, but not within-monozygotic twin pairs. Crude and adjusted estimates are presented in correspondence with the cohort analysis.
To provide some insight about the size of the offspring's birthweight differences, we also compared mean birthweights of the heavier and the lighter twins' offspring, stratified by birthweight difference in twin mothers. Paired t-tests were used to determine if there is a statistically significant difference. All analyses were performed using SAS version 9.3 (SAS Institute, Inc., Cary, NC, USA). The study was approved by the Research Ethics Committee at Karolinska Institutet, Stockholm, Sweden.
Results
There was a clear difference between the twins' and their singleton offspring's mean birthweights (2582 and 3474 g, respectively); mean birth lengths (46.9 and 50.4 cm, respectively) and mean gestational ages (37.4 and 39.6 weeks, respectively). The mean difference in birthweight within twin pairs was 349 g (range 10 -1990 g) within-dizygotic twin pairs and 310 g (range 10-1610 g) within-monozygotic twin pairs.
In the descriptive Table I , we present mother's characteristics in relation to mean offspring birthweight and birth length. Offspring's birthweight and birth length generally increased with increasing mother's birthweight, gestational age, birthweight for gestational age, birth length, birth year and education. No differences were seen in offspring's size at birth by mother's zygosity or age at delivery. Offspring's birthweight and birth length were lower when the mother had smoked during pregnancy. Some offspring birth characteristics are also presented, showing higher birth size with increasing gestational length and in male offspring compared with female offspring.
In Table II , we present the influence of mother's size at birth on offspring size at birth in the cohort. Among dizygotic twins, an increase of 500 g in mother's birthweight was associated with an increase in offspring birthweight by 116 g (95% CI: 99-134) and an increase in offspring birth length by 0.40 cm (0.32-0.48) in the adjusted analyses. An increase in mother's birth length of 1 cm was associated with an increase in offspring birthweight by 36 g (30-43) and an increase in offspring birth length by 0.17 cm (0.14-0.20). Among monozygotic twins, results were similar, although the point estimates were slightly lower. Compared with the crude analyses, the point estimates were generally slightly increased in the adjusted analyses (adjustment for offspring gestational age decrease the point estimates, adjusting for mother's gestational age increased the estimates, while adjustments for mother's education and offspring birth year had very little influence). Additional adjustments for mother's birth year, age at delivery, diabetes or hypertension during pregnancy did not substantially change the results (data not shown). Similar results were also obtained after adjustment for mother's smoking in the sub-analysis including offspring born in 1983 or later (data not shown).
In Table III , we present results from the within-pair analyses. Within-dizygotic twin pairs, a one unit change (500 g or 1 cm) in maternal birthweight/birth length difference from the twin-pair mean was associated with statistically significant increases in offspring's birthweight and birth length. Estimates were generally slightly lower than those seen in the cohort analyses of dizygotic twins. Withinmonozygotic twin pairs, neither a change in mother's birthweight nor birth length influenced birthweight or birth length in offspring. Additional adjustments for mother's age at delivery, diabetes or hypertension during pregnancy did not change these results.
In Table IV , we present mean offspring birthweights with respect to birthweight differences within-twin pairs (excluding 45 pairs with no difference in birthweight). Among 1458 dizygotic twin pairs, the offspring of the larger twins had a 52 g higher mean birthweight overall compared with the offspring of the smaller twins (paired t-test P-value ¼ 0.003). Within-dizygotic twin pairs, the birthweight difference in offspring increased with increasing difference between mother's birthweights. Within the 1502 monozygotic twin pairs, there were no statistically significant differences in offspring's mean birthweights. We also performed this analysis with standardized offspring birthweight scores (derived from the Swedish sex-specific fetal growth curve by Marsal et al., 1996) with similar results (data not shown).
Discussion
In the cohort analysis of twin mothers and their first-born singleton offspring, we found an intergenerational association of birth size. This relation remained within-dizygotic twin pairs but not withinmonozygotic twin pairs. This suggests that the intergenerational relations between birthweight and birth length are due to genetic factors or other factors shared by monozygotic twins, but not by dizygotic twins. Strengths of this study include access to a large, genetically informative cohort of dizygotic and monozygotic twin pairs. Data on mother's birth characteristics was based on information recorded at the time of mother's birth, which precludes recall bias. We were further able to adjust for a number of potential confounding factors, and most importantly, the within-pair design controls for potential unknown confounders shared by the twin siblings.
To assure correct classification of zygosity and twins' birth characteristics, our study was limited to twins who themselves, or whose co-twin, answered questionnaires in adulthood. Hence, we have a selection of surviving and voluntarily participating twins. Response rates were generally high: 83% responded to the postal questionnaire in 1973, 74% responded to the telephone interview in 1998 -2002 and 66% responded to the web-based questionnaire in 2005 (Lichtenstein et al., 2002 . A limitation of this cohort is the lack of information about paternal birthweight and birth length. Although non-random mating cannot be excluded, we find it unlikely that the magnitude of this potential confounder differs with respect to twin mothers' zygosity. The intergenerational association in birth size is also stronger on the maternal than on the paternal side, as mothers provide both genes and intrauterine environment (Svensson et al., 2006; De Stavola et al., 2011; Kuzawa and Eisenberg, 2012) .
One general concern is whether results from twin studies are generalizable to the whole population. Twins are generally born smaller and after shorter gestations. It has been suggested that the general growth restriction seen among twins differ from that seen in singletons (Phillips et al., 2001) . Offspring of twins do not differ from offspring of non-twins with respect to size at birth and gestational age (Glinianaia et al., 1997) . Moreover, although twins have a different growth pattern in utero than singletons, twins do not differ from singletons with respect to adult mortality or cardiovascular and cancer morbidity (Ö berg et al., 2012) . Although generalizability (external validity) is an important concern, internal validity is even more important. It should be emphasized that differences in birthweight or birth length within-twin siblings reflect differences in fetal growth and comparisons within-dizygotic and -monozygotic twin pairs provide control for 50 and 100% of segregating genes, respectively. Thus, in studies of the influence of fetal growth restriction due to intrauterine constraint, the internal validity is likely to be considerable higher in twin studies than in studies of singletons.
A recent paper has raised concern about interpretation of sibling and twin comparison designs. Frisell et al. (2012) point out the potential for increased bias in the presence of non-shared confounders and also show that misclassification of exposure is likely to attenuate the estimates of within-pair comparisons even in the absence of confounders. These potential limitations should be contrasted against the advantages of twin studies. In contrast to studies of singletons, twin studies allow adjustment for unmeasured confounding, including genetic factors, which have been shown to explain 20-60% of the variation in birthweight (Magnus et al., 1984; Clausson et al., 2000; Lunde et al., 2007) . Twins share exposure to the maternal environment during fetal life and familial factors during childhood and adolescence. As acknowledged by Frisell et al., unmeasured non-shared confounding may be a smaller problem in studies of prenatal exposures and outcomes later in life. Further, through the restriction to twins with known birth order, we have minimized the influence of misclassification of exposure.
Several other studies have shown an intergenerational influence on birth size (Magnus et al., 1984; Little, 1987; Emanuel et al., 1992b; Veena et al., 2004 ). Offspring's birthweight has been estimated to increase by 150-300 g per kg increase in mother's birthweight (Little, 1987; Alberman et al., 1992; Veena et al., 2004) , which is in accordance with our results. Intergenerational correlations in birthweight have been reported to be stronger on the matrilineal than on the patrilineal side (Magnus et al., 2001; Kuzawa and Eisenberg, 2012) . There is, to our knowledge, only one previous study that has investigated the intergenerational influence of birthweight within birthweight discordant twin pairs (Magnus et al., 1985) . In a cohort of 105 monozygotic female twin pairs with at least 300 g discordance in birthweight, Magnus et al. found no difference in offspring's birthweights between the lighter and the heavier twin. Nordtveit et al. investigated if there was an intergenerational effect on offspring's birthweight by mother's parity. They found that first-born mothers (who have lower birthweights) actually gave birth to heavier offspring than later born mothers, which was explained by socioeconomic factors (Nordtveit et al., 2009 ). Furthermore, De Stavola et al. (2011 have demonstrated that environmental factors moderately but significantly contribute to the intergenerational associations of birthweight.
An interpretation of our results is that the intergenerational association of size at birth is due to shared genetic factors. However, this could also be explained by other factors that differ between monozygotic and dizygotic twins. One such factor could be differences in placentation between dizygotic and monozygotic twins. Dizygotic twins always have dichorionic placentas, but two-thirds of monozygotic twins share a monochorionic placenta (Fox, 1986) , which increases the risk of shunting blood from one twin to the other (twin-to-twin transfusion syndrome, TTTS), which in turn may cause large birthweight differences. However, within mothers who were monozygotic twin siblings, neither large nor small birthweight differences influenced offspring size at birth. Moreover, as the prognosis of TTTS is poor (Harkness and Crombleholme, 2005) very few twins with severe TTTS in our cohort would have survived. We therefore find it unlikely that TTTS substantially influenced our results. Another explanation to our findings could, at least partly, be indirect genetic effects, i.e. influence on a person's phenotype by an interacting person's genes (Wolf et al., 1998) . In this case, the mother's genes influence her adult size and thereby the intrauterine environment she provides for her fetus. As monozygotic twins share all of their genes, monozygotic female twin pairs should be likely to provide more similar intrauterine environments than dizygotic female twin pairs. This idea is supported by a study of intergenerational birthweight after ovum donation (Brooks et al., 1995) . In that study only the recipient's weight was correlated with offspring birthweight. The egg donor's adult weight and birthweight were not significantly associated with offspring birthweight and the authors conclude that the environment the mother provides is more important than her genetic contribution.
We have found that the intergenerational association between mother's and offspring's birthweight and birth length disappears within-monozygotic but not within-dizygotic birthweight discordant twin pairs. We conclude that the most obvious explanation for this is that the intergenerational association in birth size is likely to be due to common genetic factors or indirect genetic factors. Further attempts to replicate these results in other study populations are warranted.
